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Abstract

Clostridium acetobutylicum produce acetone and butanol, ethanol, (ABE) by

fermentation. This fermentation process has a long history, but the production

technology and the conversion rate are far smaller than the modern petrochemical

industry production. The fermentation process is gradually disappearing, and the

energy crisis in recent years the problems of fermentation process to be taken

seriously. The main bottleneck of the fermentation process is butanol toxicity of

inhibition lead to the decline in production efficiency. The final butanol concentration

is low, and thus loss of business competition.

In this study, it combined with pervaporation and ABE fermentation process. It can

remove the fermentation tank butanol and other metabolites in the same time, so it

could separate butanol and fermentation liquid then purify to high concentrations.

Then enhance the overall production rate. In this experiment, pervaporation system

using membrane for the polyether block amide with Carbon nanotubes.

Experimental Investigation of CNTs added in different proportions (PEBA,

PEBA +5% CNT, PEBA +10% CNT) Production of the membrane and to find the

best choice, as the continuous fermentation pervaporation membrane materials.

Butanol to remove flux in the model solution were 9.975, 16.095, 15.875 (g/m2/h)

and butanol selection of parameters (selectivity) were 17.4, 19.4, 18. Add CNTs
\Y



makes butanol flux and choices will be obvious increase. The membrane strength and

CNTs addition are positive correlation. the application of PEBA and PEBA +10% of

CNT membrane in a continuous fermentation, butanol productivity, respectively, for

the 0.270, 0.339 (g/L/h). Yield for the 0.169, 0.203 (g/g). The experimental results

confirmed that the addition of the CNT could maintain the fermentation of butanol

concentration lower than the range of toxicity suppression. Therefore enhance the

overall yield of butanol fermentation.

Keywords: ABE fermentation, Butanol, Clostridium acetobutylicum, CNTSs,

PEBA, Pervaporation
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B = pE(iso-butanol) ~ #* = A% (sec-butanol) ~ 4x 7 f% (tert-butanol) » g # F 3 iz #74

A7 R G 7 AR(0 T f§ A butanol) > butanol E E G R 0 £ G Lk o T

o5

S

R ROFEE i WA o DGR R Gt 3 ) ol S St
CH,CH,CH,0OH » » &+ & 74.12g/mol » A 1latm ~;*g-117.73 C ~ P 237 C >
25 C 3 fA & 9.1mI/200mI H0 » A F i de(B] 2-1) %77 o

a2 S G o d T AR R £ B o s & F H B R (et o
i&? @ kRS 100%:57 f% Bk BEgsp vkt ahe fg (ethanol) 4pit > H
AR i g B F AT SRR IR R B TR K o 1 T FRAR T
5 >t e fReniy i k(% 2-1) (Durre, 2007) -

TRAELRSIRCERE ALY R LRI W A Pdg 7 R PR
Flod G203 0 U F LB RS AR B MU E > L F 2 A K "R 7 Py
( Dibutyl phthalate » DBP ) ~ #8 % = ¥ fi& ¥ 2 7 fis ( Phenyl-butyl phthalate - BBP )
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http://zh.wikipedia.org/wiki/File:Butan-1-ol-2D-skeletal.png

4 2-1 R Rz 4514 (Ramey, 2007)
Characteristic Ethanol Butanol Gasoline
Formula C,HsOH C4sH,OH Cs-C12
Energy 84 k 110 k 115k
content(BTUs/gallon)
Air/fuel ratio 9 11-12 12-15
Additive ratio (%) 85 100 —
Vapor pressure(psi@100°F) 2 0.33 4.5
Solubility(ml/100ml H,0) infinite 9.1 Insoluble
Corrosive higher lower —

% 2-2 7 p% (butanol) z_ ji&*

Applications Used/Methods

solvents for paints, varnishes, resins, gums dyes, camphor, fats, waxes,

rubbers and alkaloids
plasticizers to improve how a plastic material processes
coatings as a solvent for a variety of applications, such as curable

chemosynthesis

textiles

cosmetics

medicines

fuels

others

lacquers and cross-linked baking finishes

for producing many other chemicals and plastics, including
safety glass, hydraulic fluids and detergent formulations

as a swelling agent and manufacturing garments from coated
fabric

for eye makeup, foundations, lipsticks, nail care products,
personal hygiene products and shaving product

drugs and antibiotics, hormones, and vitamins

gasoline(as an additive)and brake fluid(formulation
component)

flotation agents, cleaners, and floor polishes

41z * The Dow Chemical Company. Product Safety Assessment (PSA): n-Butanol
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BRI L SRS B L R B B 2 AT B L b X £
A iR Wl 2 W ERFILIFFEED XL i ae Y
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BB EErT LA TRABRNER RS kA PR R
(ABE) z ## % £ =x #4= (Jones and Woods, 1986 ) -

ABE #F2i & enigATF 4 5 Rkl AREE > G2 FERAES KL A7

Frengprdlaes fE5 ABE #p% > a2t H XA 4 ¢ 7 [ Ak (Acetone) ~ T i

(Butanol) 2 2 z g (Ethanol) - 12 k¥ 7 Clostridium ¥ % F#84 2> # ABE ¢h

3

AR BG5S 361 e 7 R B S Ao ] 2-2 FTF 0 A & ik

s

EA Ay
A e d g Beem Aot i 8 C.oacetobutylicum §* glucose s glycolysis B,

A& 4 pyruvate> £ 5d pyruvate 2 = < § 05 8/ ¢ 3% acetate, butyrate, lactate

FofLi ¥ - rrE 4 A ¥ (acidogenic phase) 2 it i 42 F PF § f3c 4 CO, frHy o



d 3t Eeofidd 4 SR AR FEROFRR pH B3 L@ T 2 A8 o

¥ = FEER A4 A P (solventogenic phase) s 4o 2 B N Hbd A fhig T e

ARBBIE R TRAERBIP DAY AT S S P IFTFIRE 0 BE

F_k

RArpHE " M 2 BReff R B 72 ¥ & i ARH AL L By B 3
filtimre 3 £ o ot A AW Rl e s Ao MR T o e EpHiE s

MUE R RT3 EARDE R AP AL RIFEF 5 WHREDT T

it

- TLE H_#butyricacidejk & + 382 g/L® pHE T "5 T 35pF > if B 4o
I~ AR s ana A 4 A2 8 (solventogenic stage) s st FEHP e B N HHEL T R
i;ﬁ d acetoacetyl-CoA#& % = acetonez_ & i i3 » i8¢ 3% f% & 4~ acetic acid ~
butyric acid:® & = acetyl-CoA % butyryl-CoA =+ 5 d acetoacetate decarboxylase 2
7 f > acetyl-CoA’s d acetaldehyde dehydrogenasefralcohol dehydrogenase(ADH)
3z fg > kI E- 4] * butyraldehyde dehydrogenase (BY DH)++butanol

dehydrogenase (BDH)z_ ieit » & ¥ & & 4~ butyryl-CoAR & = i & ¥ — = f% - (Ezeji,

2007)
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Bl 2-2 Metabolic pathways in C. acetobutylicum.(Jones and Woods, 1986)
Enzymes are indicated by letters as follows: (A) glyceraldehyde 3-phosphate
dehydrogenase; (B) pyruvate-ferredoxin oxidoreductase; (C) NADH-ferredoxin
oxidoreductase; (D) NADPH-ferredoxin oxidoreductase; (E) NADH rubredoxin
oxidoreductase; (F) hydrogenase; (G) phosphate acetyltransferase
(phosphotransacetylase); (H) acetate kinase; (i) thiolase (acetyl-CoA
acetyltransferase); (J) 3-hydroxybutyryl-CoA dehydrogenase; (K) crotonase; (L)
butyryl-CoA dehydrogenase; (M) phosphatebutyltransferase (phosphotransbutyrylase);
(N) butyrate kinase; (O) acetaldehyde dehydrogenase; (P) ethanol dehydrogenase; (Q)
butyraldehyde dehydrogenase; (R) butanol dehydrogenase; (S)
acetoacetyl-CoA:acetate/butyrate:CoA transferase; (T) acetoacetate decarboxylase; (U)
phosphoglucomutase; (V) ADP-glucose pyrophosphorylase; (W) granulose (glycogen)
synthase; (X) granulose phosphorylase.



2-4  FfEETELRE

T iR pEARR 2 FfEA & L Clostridium B eRE B o B kR H HRURDE
WARR 7 B ARV A 508 L5 1 - BA SRS > F L oo C. acetobutylicum
ATCC 824 4 C. acetobutylicum DSM 1731; ¥ — #& 8_% p¥#% % %7 > 4 C. beijerinckii ~
C. acetobutylicum NCIMB 8052 4= C. saccharoperbutylacetom N 1-4 (Ezeji et al.,

2008) -

% 2-3 Clostridium # 2 ABE 2_g/& 1] * 1+25(Ezeji et al., 2008)

Organisms Sugar preference*
C. acetobutylicum 260 Glucose > cellobiose > mannose > arabinose > galactose > xylose
C. acetobutylicum 824 Glucose > arabinose > xylose > cellobiose > galactose > mannose

C. saccharobutylicum 262  Glucose > arabinose > galactose > cellobiose > xylose > mannose
C. butylicum NRRL 592 Glucose > cellobiose > mannose > arabinose > galactose > xylose

C. beijerinckii BA101 Cellobiose > glucose > xylose > arabinose > mannose > galactose

*REg <~ ABE A E M T

2-5 &1 % Clostridium acetobutylicum

C. acetobutylicum % # jF < F5 {27 (Gram-positive ) » ** 1974 & 4% Smith fr
Hobbs 74 ) » F]ut F# ¥ A 24 acetone - butyl alcohol @ & £2 o ¢hpt & B
BREEHFE o e ¥ RS 0 L A DB HRE R - BT AR
Ao gt de s TR B AR T AR B fosb e B i £ 4 R G R L 15-69°C

m e pH E 5 6.5-7 2 8 & 30-37Cesks @ 4 £ ffo



K-S e E i & 4 58 pE i = acetone-butanol-ethanol (ABE ) 4+ Hj

CO,m & WH §ME < chiwds » e A~ i3 (butanol) £ 12-16 g/l p* § %t
Clostridium 2 # & it iv% » @ FF 7 o~ — TAWIFE? oA RS F R IV EF
adsorption ~ gas stripping -~ liquid-liquid extraction ~ reverse osmosis ~ perstraction f=
pervaporation % = 5% » gy & A H7 prud A AL 2 B % (Qureshietal,
1995)
2-6 HEAL

TR M B E A B R FeT e BT P3P R R -
FITOZRBEREP R P AF BRI FDEET v RN ARG
lmie kR 2 bt AR AR ALt VR P R U R
§u48 (carriers) ¥ ¢ e Fd SEASH Bk R A B UK o AP RO R AL
FoF ko d 20 PRBENEGE > AR M PR LA R BB ORE T
HE AT L EAF R KA S PR LR R (T R MenfE T

(£,2006) Flpt > Az it g2 B G A PR AB ~F B R FF N4 R

\m&

R TN E°F SWS S e PN
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2-6.1 FHE_ 3k

Fait 3z g BEL peniEt T AMA FRET R E Y BT A
EA* R T AL G 2R ATMER S LY RAT]F o R
REL P ZEARIT A A () JHEFSFPTALT A G 0 bl
i (adsorption) ~ & i 4 55/ (covalent binding) £2 3+ &£ % i (ionic binding) ; (b)
g3 At Y o blde e 382 (entrapment) | (C)MpAREATFHES R
A P 5 4o 2 B2 (cross-linking) s (d) 1 # #8482 VWi FE s 2 B
b|4o @ % ;= (encapsulation) 2 #2412 (membrane confinement)(Pilkington et al.,
1998) -

R (W] 2-3a) A1t et PR A e 2 BRI iEd 4 e E R R
(van der Waals) # ~ # & 4 fogi R4 ie* 4 » @ jfed P F A 8 o d >0 %
MeA BB OLe T 4 R s P Fo il 2 FREFPDFREL
FAREOTH B F R R G R ITHE B i R e e R A
WMy F R SRgh; fee d 02 P OB LG (7% 4 gL fess > F
PHE ~ B A ~3F 5% & ~ AFRR TneR @B nd g 5 ~ i P2 FFen
BARFR g $romgs 2@ S pandf Ao e w ot A SR (£, 2006) ©

CUT LS § L1 - SUEIE R
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Adsorption Covalent binding Electrostatic binding
on a surface on a surface on a surface

f
‘ L BN .
: i
" ]
. ¥
* ’
*
gt h N, _.-..-‘*
Entrapment within a Arificial flocculation
porous matrix (cross-linking) Microencapsulation

IEEEEEEEEEER W Insoluble carrier

| | Liguid phase
@ oooo Gg%ga [rrrrrrrrsssntar] Porous matrix

INEEEEEEEEN mmmmmunm Microporous membrane
Contai ¢ Bifunctional reagent

DEME':;':] ?:1?2:{? nﬂmus (cross-linker)
membranel:; ﬁ i i i i Electrostatic forces

B 2-3 ® @it ;* (a) adsorption; (b) covalentbinding ; (c) ionic binding ;
(d)entrapment; (e )cross-linking; (f)encapsulation; (g)membrane confinement
2-6.2 {MHES

PP LR P AT FELERDFF R PA T AT R
FHAPRFE TR A E s P FAFRBE TR SRR AS > ¥ A
2ABRBAGHTET OPMALF LR S 2 4p % H(biocompatibility ) ~
4 $ ¥ '% f244+ (biodegradability ) EAL iRl (regenerate) 7% % ~ &2 F £ ZH K

RE (% 24)0
12



224 FERFALCPWE S FEFLEOAARE (£,2008)

i 3 e FlE

Pl s il SR 0 ARESIEAR R G BB AR (Rpk s B~ e
A FURARR O HEMA  BEMY RROMAFAELZE
ik e UK (FUME Rt ) Bk P2 LR o

L E RN RN

o Bt dr A S fcd il 4 g g
P ok R o R EAA 20 pH E 0 B R 0 B K&

2y (39 ) o

% r i AFAFAE (LRF ) > ik Al 44 Wk Ees b
HAVHAMREfS 2P T BT NER FE2FH
AR B -

g PRI 2 Sk CFER S PFARKE  PNF R BB
F o 1 RCRH A Wl G e g R
* M4 CRL" 2 zero i* % o

F s MEEF A REE LA F B S
et o 5 g CSTR-PBR-FBR-ALR™™ % » A5 & 4

L LI

"CRL : 4]k % b %4 42& (calculated risk level ) ; "CSTR @ i #4548 £ o
( continuous stirred tank reactor )~PBR: 3 “L & & J& % ( packed bed reactor )~FBR :

o8k F O ® (fluidized bed reactor) ~ ALR @ 5 #3545 & % (air lift reactor )

13



%25 AR HEICFFEFR mg\ 4+ (£, 2006; Kourkoutas et al., 2004 )

methods Metarials

adsorption aluminium ~ propylagarose ~ titania-activited glass - synthetic
resin -~ silica gel ~ wood ~ sawdust ~ coke ~ bonechar ~ brick
covalent binding  cellulose ~ dextran - starch -~ porous glass ~ porous silica -

polyacrylamide ~ nylon-acrylate copolymer

ionic binding polygorskite ~ montmorilonite ~ hydromica ~ porous porcelain
entrapment alginates ~ k-carrageenan -~ agar ~ chitosan ~ gelatin ~ collagen
cross-linking glutaraldehyde ~ toluene diiscocyanate ~ hexamethylene

diisocyanate

encapsulation glycol ~ polyphenols ~ bishalogen formiate ~ polystyrol

2-63 HLIFpLAT

'}"]ifh’;fﬁ?i A7 ﬁ%# =210 e LRI E - l‘fzf B e @k 0wk l‘fzf S ﬁ_]ﬁ
PR VOB ROTF Y B ESIEY o2 2 Fand B R g R R
hsaro MBI A P d o S A Y P Y S S A RRZ

W -

Fi* B ivFprEie o 5 B HABE 2 Tk g s g o Tiak
SRt H I b pk ABE 4 A 57 0.3-0509/l/h > v @ ALZER b 24 &k ¥

0.1-0.3g/l/h & = zcd *rexnid chff b B~ § ABE 2 A F - B AR E g i

* oo R EER RS AR A%+ (scale-up) #H-¢ (Qureshietal., 2004 ) o
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pervaporation & 42 &_% & ;% 1% (permeation) 2 7 ¢ (evaporation) = f& 7 & &
WARR - ZEEP BRI ¢ §aBAA B NI BAR%E - H0 B
FRAZh s R AW S a N T Y DA F LI BIY - B AR EEE
PEMCE A RS F AT DAL R FLRS TR SBEES TR

i F R B SR B 1 EES R LRl 8

F it g Ao

Pervaporation = Permeation + Evaporation

Liquid

Retentate o

O Species 1
e Species 2

BN
| Permeate >

Membrane selective for Species 1

Wl 2-4 %33 7% & Bl(Leland, 2005)
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ZHEA B 5 d Kober»t 1917 # % 1 (Kober, 1917)> 4% % Farber #1935
EFoRdR S F Y 2Nk A 4is (Farber, 1935) 5 1956 # - Heisler % « 12
s ik R LSRR (7 ¢ R ok e Sk (Heisler, 1956) o & Heisler e 2 0 » 335 %
FeE g B R LG a4 E AR 0 1958~1962 & I ¥ Binning ¥ A #-% 1 @
Bt e F RS gl d R E a3 0 37T 2 3 % @ (octane number)
(Binning, 1958) ; Ir p& — & & . $FRAE/ Rk ~ 2 AR/A F =2 LRI [ F R
Py ol Ey mARRTARRIARNNE R FENE LB EE 2
i B i & M erv(Sanders, 1960) o B % 0 £ 038 FEF Y R GFT 27 &
1982 # % 4] %1 GFT 22 d ® 2 ZR®E = 1 = L % k4 RHHL s @ 2

1988 & ;= & Betheniville 2= = 7 &+ 9%

W
(S
b
ﬁ%\}
|
[
i
sl
=

3
o
¥

Boi sl wR et - F IR BB EEER o
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mechanism) # » 32 5 BB A 5 TAIZ A H IR S F @

Boo A LB AR BRSO A BT 0 B BRI R Ao Al

SRR R A F R B AEEN A 2 R A F U i

@ % P S .
FOIAZER FFTHICGE SNBSS P A RAaFEAMBRE RS

PE € R F A e
/%—ﬁi’?%i}:‘ -Q ﬁ@?éﬁ‘q\, ’93_5 E3 Liggg‘_‘ﬁg;é‘ }I—.afljr;& Tﬁji-&#;‘]%%’ .

R

|l

feEHM > € E(flux)4d~ &7 B A E RPN AT T i B AR
i # ¢ (separation factor)4% « 4 7 H ¥ P e f BB S 4 TP 5 A0E
e AR §

i £ (flux)

%2 __,vﬁx*'ﬂé’:lm Eiwﬁ%?‘*,%zﬁ‘éf ir‘f’];}%%ﬁ’i , ';‘i;f‘i_&r,'r
w

I=axt
2O JimEad R(gm*-h); Wi SBEmRE AL S ()

ti et R BB+ AT RS LTLRERTE G D] R

NS
=
|k
&y
-

iy
f
=R
B
=



iE % v (separation factor)

WEER B A T ENH A e A gk hg Mo Wk A3k liak oo

TLHEACT

% % 7 % 4 Htdp #c(pervaporation separation index)

,éif_‘fffgﬁb té"ﬁ: );LLF&?"/;,\’ #&/:‘i&r_gﬁng‘

~-.
N

FE M A fEFF OB Huang fo yeom 31 » 3 %3 & A dtdn #(PSI) - T &

gﬁi

FEEEfriE R kA o (Huang et al.,, 1990)

PSI =] X a

' 2

b Rk P B B FEEPR B A g iR L et B A

fiics 1 PF(Z 7 & A #oc %) PSI¥ 407 § 12

Rt

e

' Huang §- Feng 31 » 3§12

I A% id Z 3 A 3dn 8(PSI) » € &40 (Huang etal., 1993)

PSI =] X (a—1)
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2-7.2 &3 % X2 G Ry 4=

ERE NS REHRT AT BT AREAIE TR B AR 0
A4 o FLITRHE A REAY T B jcaa R g R BN S 35 E A
(steam stripping distillation) ~ # #& (gas stripping) ~ #= *#(adsorption) ~ /% % 7 %
(pervaporation){r;% -;% 4p % B~(liquid—liquid extraction) - 2 7 [ &~ 3 et~ g w
T it 4% vt #i(Qureshi et al., 2005) -

B HLEAR Y PTIE R W B o BT R DR RIRE AT A
BBATH 2 S EL HA o B BB frs i Mo fed AR S FEERE L2

EPBimre cpl i MR B R A BLE okt EREE R A

6000

,-'/‘
< 5000}
<
g 4000 |
€3 S
E § 3000
23
=0 A
g 2000}
o
>

S
g 1000}
o

0 | &

SS GS Perv Ext Ad
Butanol Recovery Techniques

Bl 2-5 7% F A Hpkes T i v dc 4L hir £ (Qureshi et al., 2005)
SS —steam stripping distillation » GS —gas stripping * Perv—perva-poration -

Ext—Iliquid-liquid extraction » Ad —adsorption on to silicalite

19



2-8 /7‘%1 i’? E}‘ng—‘

.

2-8.1 Fp-Wpbiedt B % R4 (PEBA)

£+ R4 (block copolymer) & dp #-73 fde¢ & fd s b2 TR e hR £ daE

+

A flE N R T T RS R E SR AR TR L b
Az o D[R v IR AR B R E R .

#7 % 438 |4 8¢ (Thermoplastic Elastomer, TPE) : i€ ¥ - fdtfi & b > o
RE R R hE A 3 ApIR R RAELAR 4 BT o BT R S ¥ L

BB o B BT A o BV ERT > AT L B g e R

o o

?&%ﬁ@g*‘kﬁ e X el ﬁ' U SRR | *aljng)»—t By Qﬁﬁﬁ’lﬁ}ﬁ},i b
§ L FD et S S FRE S SR B0 4000 0 - T 2 F (-AB),
y -
E N N

AF %A T MR B E-BARE(PEBA) o v P e B R BRI BB B R
B A E B oA Beni X A PR PR fo g L

¥ % § FPEBAA £ 3 L4 6 (PA6) & L4712 (PA12) » & kv d &
z I 7 4 - fg( Polytetramethylene glycol, PTMG )&t % ¢ = i ( Polyethylene glycol,

PEG) e= o A3 ¢ & * chPEBA H_2 PA12 {v PTMG 5 H & fiifx

20



HO PA 0O 0O
R
\ﬂ/ PE
H
0

n
Bl 2-6 RALRRIRR AR Ry St

H 4o PA RRIRR (A 425) - PE SRR A (Bddh) > L s+ 2 W
4%+ 4000 - 5§ PEBA ¢ e g/l 7 03 > P X RP BT EPRE T
B RSP F RARREFE B R S PEBA shE B ~ 0 55 B g K
s REFEF LA
2-8.2 % st & ¢ (Carbon nanotube, CNT)

1991 & s lijima 2 B 347 B 5§ BN T F HAABET A NT L T R LEITH
gtk > BT gl FR P R 2-50 K ohE Rk B e s AP 3

FARBH - LG lum o BT 4~300m 0 2 SATR B AL S 3 4 A (lijima,

S

1901) « % AR E A BB T ISP R EZ A AHRFT F AL RE EGHA

we

".‘Bl“\

}

¢ T EA e FIN R RE G BB LA doat R w R B R A
A EEE
AobRE T A 5 HEER A E (SWCNT)2 % E23 5t s % (MWCNT) »

MWCNTE 7 fxig entdise B> 24 < h#ic.270-950 GPaz &> ¥ 3 & % 11-63

1

GPaz ff o L5 drpt g e AL REF EHPpE - BHEMF LB REH

R RS T APR -
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&z KR g en 2 2 & 5 793§ 2 (arc discharge method) ~ & & 7 % 2
(laser ablation/vaporization)£: it £ & #4p 7t #% /2 (chemical vapor deposition) & = f& -
*F % H_$ * Cnano#t 2 A& FloTube 9000(MWCNT) - FloTube 9000 &_5 o i+ &

FARIUALE - TI0E jollnm e T 9 B 10Um - & >95% » % 6 ff 230-280m?g -

AR S F LR R R BT A OKALE £ F R end R T el

CESANOERES EA JOMY SRS NORE SRR

% A a(Young's modulus) & i 4 £ 24 thk A flics — > 2 FALY RS 5

&4 B 4EAp M 5 £ 3 R (tensile strength) £ 44 4L e 4 5 Sz - -

& =
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2-0 B FHF MY 7 A
ABE 3 pf LB [ A e pr gl e 1960 & N HE R £ G A S

el £ e AR R S KR T AR

\4-

,E; 1111.—-\5&%

FEEAT A v oAt Reh AR o p A A

X A TR

)

SEEFEe TR BB E T B T AR T AR
TREF L R RAE R B EA K2 B AR ERE L Mg R R 0 T 4
FOLFARY B MLt FIRA T PROTH ke dlan sk o g g v 0 p A

4 Ak oo Fl P deie §ookentd OB AEEAE Y MR R M A T I R D

e
o
v

sek oo ita JAFEREER > X T G oocenff s Row e i adg fe g (El-Zanati
et al., 2006) -

B R R TP REN 0T iR A B E AR L & cnB S § 88 4% (Gas
stripping) 14 % 4| * % % 7 3 (Pervaporation) o 5 %8+ % » #t=  2 & )% 7 @
hF AL 1T § F (S CO) M A AR - M PR Y R T B T
fRis L AIF ARBETBARFRLEFTT - PR ILH I @ § A?i*u? ™
Ewinw BN EE AR TR f VRS R ‘”'%Jf]*u* ERAETIS g S

i A BEEARBOF FORTAE 6 MR R R T e AL

&
A
3
g
3
Py
W
L)
N
%
ﬁ
3
™
¥
e
o
oo
T,
3
EX
(
(lul
%“
=k
¥
M-
.ﬂ
<l
|

My - fﬁﬁf i # j\'@\%ﬁ-_’ ﬁ%m” AU R mﬁdﬁ FE ISR I
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TR e d ST EE AR 0 R RE T IRRAR LA F ok RE R L
E3 T AEUEANEIEE N IR IR =S Sl it RS A Al

BEM T T N ST & kAp g £ TP hhe e

>

Wik % Z 4 (pervaporation) HpFe “rid * iR R - i KB HAR Y
G I ANRARE FAIR S IR R T S R TR A
BEARY 2R P FE o A EES RlAURA LA~ FAHN 8- HF
PR RPE R ADFRERE S AP F od 2 FRF FE O FM AL
AR g FRE FFHMNE BAL B LB S LR o gLl fpRIT g
EET T T SERE R AL SO LU S ¥ B E TSN RS

EAMBTRAS A L LB o 1A SRS oo

B AR S ST A S3B A R LR E L R R 0 & R
P fE it B S iAo ko g S ?fr? VLR RRIE N R %%‘_‘g?

B F A ] A U g b ot o i A AT FehZ R
En AL EEE F RSP THRICEETH L 0 5 FHER AR AR
AET FHABFEFFTOEENFE NI RS- BARBELRRIRE-
0T AR R S ERAR Y  F T F OB AmR e @ Al
Pt mreRR R Ry FTEEFLBEEFFERY T EEB L AT
frengp ol B A b REF T WA MEOL R BN R I RS EE ki

)4 sen i Ak k- BARE -
24



210 e PR AR A AR

“1)9

(-) #3 " kA A2 6#E
d 07 Rt end o g AR Y 7 iR BRI TIRG kR - i

- HEE RRRRASF  FINRBEHAAK T B L ERFBRHEF

NS

BRI A o d 0T g e A PR FME e 2 A -

f

Hh o Bl i g a R kR T AR FEA RS o v Y A N1 e g
fAR% % & P (lysisactivity) » 7 02 G sH 4w iE 47 FR et o I & E T
A @ PR Gtk RA0% T e R A FRT S S T 30% -
Fobg R iR o R4 AR S - R A B pRat S o o 3
R TR T FEARE EH T A HENE T Bl tog 28 Hi

(Montoya et al., 2000) -

(5) & 7 FRv ol FfEE T

- ABEH Y c ALk TR e AN X 9 A36L A PR R
LA blen) QR B B EF AT ARE SP1ARDFR S AT L
WF Ay A #H L E- RPN BRE AL ﬁ!—}iﬁi“ﬁ% NBREART T A A
FEHY RA Al KA REAM T AR R e F ot T LA
? erfg 42 fF > 4racetoacetyl-CoA:acetate/butyrate:CoA transferase ~ = fg it & fis & »

T AR A S EE SR A TR Gl E o T oh s ] AT frehn 3
25



AN 1 FEdi g frh®] > M Al £ 4 % o i 4 S ELT > i@ R0 acetyl-

COA thif 42 » 4 ¥ (L F 7 R GA D3 AR e b o

(2) e wpiliper o gl i

e RS AR - SR K A RET AR L g8

SEESENE RS LS S 1S A EN LR LREEE AR T EIEE
BT RS EBEBNGE Fla &2 o KPR T BIERE &

[ ﬁ%%‘)}ﬁ’iﬁﬁ?i ER-Zh- SERE i - WEA A Sa | R Sl s s VA A SRS S L G
e B S ;;Jc;}ﬂ % % (pervaporation) % & Bt e * o AR E 7 A Kk

% g4 (Huang et al., 2001) -
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226 ABE i £33 54 2 i M ik

TR A 26 53 BT TR I R % o

membrane thickness Membrane Vacuum Temperature Total flux OLBUOH/water Permeate
(um) area(cm?) (mbar) (C) (gm?hh Butanol
Concentration (g L™)
PDMS 250 2500 Sweep gas 37 10.40 11.00 -
Liquid membrane - 1500 - 30 14.30 66.00 230.00
Silicone 600 1600 Sweep gas 41 25.1-34.8 9.27-18.8 26.4-95.4
lonic liquidmembrane/ - 110 - 37 - 7-15 45-62
ceramic
PDMS/polyethylene/ - 73.25 <13 37 57 18-20 -
perforated alloy metal
PDMS/ceramic - 48.90 <3.9 37 626-741 8.3-21.4 -
PDMS 1 270 19.90 35 349-418 13.7-15.78 35.3-64.0




membrane Duration of Operation Micro-organism Maximal solvent Productivity reference
pervaporation Productivity enhancement by
(hr) (gLt h? pervaporation(%)
PDMS 170 Continuous, C. species - - Groot and Luyben
immobilized DSM2152 (1987)
Liquid membrane 350 Continuous, C. isopropylicum - - Matsumuraet al.
immobilized, IAM 19239 (1992)
Silicone 51 Batch, C. beijerinckii 0.69 103 Qureshi and
freelysuspended  BA101 Blaschek (1999c)
lonic ~418 Continuous, C. acetobutylicum  2.34" 70 Izak et al. (2008)
liguidmembrane/ freely ATCC 824
ceramic
PDMS/polyethylene/ 28 Fed-batch C. acetobutylicum - - Li et al. (2011a)
perforated alloy metal ATCC 824
PDMS/ceramic 36 Batch, C. acetobutylicum - - Liuetal. (2011)
freelysuspended  XY16
PDMS 475 Continuous, C. acetobutylicum  0.37 48-130 Wouter et al.
2stage, freely ATCC 824 (2012)

*Addition of n-butanol in medium during continuous fermentation.
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311 5k

¥R HEEE

A %k ¥ Dtk Clostridium acetobutylicum » S p 4 4 F ik i35 2 &2

% ¢ = (Bioresource Collection and Research Center ) » &% %. : BCRC10639 -

~=

vz Bt R

L Feo PR Tryptone DIFCO BD
s 3B Yeast Extract DIFCO BD

49 e 4 Sodium molybdate dehydrate Fefoit B4R € 4
o i Sulfuric acid SHOWA

R e 4 Sodium sulfate A B E
T i 4 Cupric sulfate SHOWA

For ik 4 Manganese sulfate monohydrate ~ Scharlau

P fadf Magnesium sulfate heptahydrate ~ SHOWA

Fr ik &% Zinc sulfate heptahydrate SHOWA
L E = 49 Dipotassium hydrogenphosphate ~ SHOWA

Wi AAFPpk p-aminobenzoic acid ACROS

25 % Biotin SIGMA

F 147 Calcium dichloride dihydrate AR ]
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% it 45 Cobalt dichloride hexahydrate Hanawa
% Y48 Ferric chloride SHOWA
ﬁiﬁ' i Acetic acid SHOWA
i Butanoic acid ACROS
v fk Acetone TEDIA
o f% Ethanol ECHO
T B% Butanol ACROS
A Hydrochloric acid Scharlau
EFRETRE: N Sodium Hydroxide SHOWA
35 Glucose ROQUETTE
+ Glycerol SHOWA
RCM Reinforced clostridial medium DIFCO BD
RpC-RFereq b2 By Pebax® 2533 Atofina Inc.
5REF KRR E FloTube 9000 Cnano

3-13 FHEKET

AP KRBT AL 320

%32 FmREREFH
REXA 350 R
pH meter PH-206 Lutron
T+ xT BJ 100M Precisa
Bl RERE MS-3205B ChromTech
BREFAAL EA635 TRIDENT
B FHR TS 3BH-24 HIGH TEN

30



SERS E1
A R ki

SEF R

#EREE
@ik RTE
A kSRR 2t
B 5 MR
#1047k
4

5L i e

=
&
(;sﬁ‘r
b
|

PR
P
-m\\: % .

N
(S
Ens
g
P
#
S

3
T
2

EESAEMDE 2R

Body Tubes

Simplicity
WSC044

CR 2200
LUS-150
MCD-2000
Universal-32R
MS1 minishaker
DC300H
GENESYS 10UV
2300STAT

Focus GC
LO-150

BTF-A 5L

Pore size 0.1pm
BM-052
GT-313-A
Masterflex L/S Drives
07553-75
DP-120H

1-6232

MILLIPORE
FIDTREEM
Weilheim
LIAN SHEN
HSIANGTAI
Hettich

IKA
DECTA
Thermo

YSI

Thermo

LIAN SHEN

TET g

SHIN KWANG
GOTECH
g

Cole-Parmer

VACUTRONICS INC.

NAVITAR
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3-2 w773
3-21 FMERRIE D2

PP LA RERZFRASE o p P o gd B i 9,000
rpm s 10 min {2 0 A B F e Gk o 2 % bk o RAMACES - R
* R RE (4 F2E 0 BT AR EC £ (Dry cell weight, DCW )° B~ 7 ek & 2. Fik »
flr ok R AR E 620 nm TR E B & & (Optical density, 0.D.) - &7
JE B 78] (% e DCW 4= O.D. & i ) » J& 7 4% £ 4 : DCW(g/1)=(0.D.-0.0258)/0.6796

(st 1)

3-22 FEMLRPRIE 2

B D 4 F 0 0 0 d 3 5 g iE 9,000 rpm g 10 min i o A 4 ER

fob ik o B ik o 1% YSI2300STAT Glucose analyzer % £ i)

32



3-2.3 i ## $# (acetone, ethanol, butanol, acetate, butyrate ) Jk & gl & = #

PR DA g Yoo 5d o &g 9,000 rpm g 10 min f 0 A B

)

fob i o Bo b i &% Filter g 0 1% § 48 & 47 % (Thermo model Focus GC
series)k £ Blo* ' 41 i SEG BP20( 25 mx0.22 mmx0.25 pm )> 424~ & 120°C >
‘a4F 3min {¢ 12 16°C/min z_:# F 28 1 200°C » *&4F 5min; ;4434 (injector) »
BR 200°C ; Wl ® L Vg hipl® (FID detector) > (B & 2507C ; iF i §

(carriergas) % % # (nitrogen) > & 25 ml/mim o J3 &+ F 884 5 1ul -
d ] n

AR FIeABAEFER TR EFKRER
acetone : Concentration(g/l)=Area/366019; ethanol : Concentration(g/l)=Area/379851 ;
butanol : Concentration(g/l)=Area/593913; acetate : Concentration(g/l)=Area/499784 ;

butyrate : Concentration(g/l)=Area/523845 ( *iték 2-*it4%6) o
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3-31 FAEEF

A AT RETE2FAT Y w0 %i BCRC10639 1 C. acetobutylicum 2 4
RICEE O RCBIBARAE R IRIAF CIRIE > ERRTE A
¢ o 1 37CH A 302 08ml Figfe02ml 4 s B » B dpw F P R L
33 >3 ~ 75 50%CO,fr 50% Ny 28 & F #4818 > 3 »-20C k484 i 75 o
3-32 FfbiE

Poife 33200k 4 i E o JIF B F BFEAERLI T0CHET F
Womin e > BEIBREARA R IRFAF ¢ DR F - VEERIBA
@Y o 3T CHA 30 )
333 BEHRAA

ARBRBEEY s d e 33 T bR USSR AL T

Reinforced clostridial medium (RCM) > »2 1 N NaOH # # pH & 5 6.8 -

% 3-3 fFE %A (seed medium, SM)

Compounds Concentration (g/l)

‘Lab-lemco’ powder 10

Peptone 10
Soluble starch 1
Glucose 5
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Cysteine - HCI 0.5

NaCl 5
CH3COONa 3
Agar 0.5
Yeast extract 3

334 HEEEL
NFSRFFETER Y TS A Rdod 34 T el A s £ A 0 2 1N

HClI 2 # pH & 5 48 Glucose k& =3 % % K7 b m st o

% 3-4 Fpkrz £ & (fermentation medium, FM)

Compounds Concentration (g/l)
Na,SO4 0.18

K2HPO4 0.175

Tryptone 1

Yeast extract 5

Glucose 80

Biotin 0.01

p-aminobenzonic acid 0.01

Mineral salt solution 1 ml
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4. 3-5 5 A #3% (Mineral salt solution) &k &b 5 o % g A%y & 3L ¢

2_ = 4 -Mineral salt solution -

% 3-5 Mineral salt solution = =

Compounds Concentration (g/l)

NaMoO, - 2H,0 0.24
CoCl, - 6H,0  0.24
CaCl, - 2H,0 15
FeCls 16.203
CuSO, 0.1598
ZnSO, - 7TH,0  0.5164
MnSO, - H,0 1.7
MgSO, - 7TH,0 24574

H,S0, (6M) 28 ml

3-35 #F
$eE 1 1S SM2 LI R R B FME B, 10 75 Yoippi o 0 B~ E R

5o B-250ml SM4c % 2500mI% st 15 > sk FAEF BB > i~ R & F R (50

%CO2 w50 %N2 )& 1 iR R » A 2P 4R AR S37TC #HE XK 23

30R.P.M -
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3-3.6 PEBA el #
5%PEBA(g/g)f95% f%(g/g)*c » [fl & ¥R 4 » 280 °C T i ;i (Reflux)

cB
A A

Fﬂ}

MEEHIEE PIPEBAZ 233 RSP ER R AR T HF S > FEN
T- z, f%ﬁ,/fj;;\,, g e BFPR AT C - R 0 BRI 0 K
LB I (5 B P50 C R 2 G5k S X - AR 4 550
pm+10pm -
337 PEBA/CNTs if & #entl &

B~5%PEBA(0/9)1-95% ™ f%(09/g)*x » R &g > 280 C T /i MEF H4EE
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4-5°¢ HRiL 9]‘ v CNTsp» & ' PEBA H 32§ & R f| - B 4-6 7 7:”'] “r 5%CNTs
gﬁmagaw;ﬂo@44@%1wwwmﬁﬁﬁi&ﬁ@ﬁ%mwmﬁﬁﬁ
Ak o & A1 [ AR e CNTS (0E s K12 AT hA 300 i 4e o
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41 EERRE R

membrane PEBA PEBA+5% CNTs PEBA+10% CNTs

contact angle 67.14° 81.67° 77.67°
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B 4-6 PEBA+5%CNTSs contact angle
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@ 4-7 PEBA+10%CNTs contact angle
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g & PEBA
0 PEMNA+%CNT
8 v PEMNA+I0%CNT

Butanol concentration (g1} in the tank

1 1 1 1 1 1 1 1 1
0 60 120 180 2410 300 360 4210 480 540

Time (minutes)

W48 HWHEARHPMZ T BERS

2042 ARSI LB T L T iR

membrane  acetone flux ethanol flux butanol flux  acetic acid  butyric acid

(@m?hh  @m?hh  (@m?hY flux flux
@m?hh)  (@m?h?)
PEBA 0.906 1.718 9.975 1.022 2.449
PEBA+5% 10.307 2.667 16.095 0.625 1.503
CNT
PEBA+10%  10.089 3.127 15.875 0.776 1.707
CNT
243 2 RERREE T RES C BEEF Ak
membrane J(g/m? h) a of butanol PSI(g/m? h)
PEBA 85 17.4 1386
PEBA+5%CNT 153 19.4 2817
PEBA+10%CNT 139 18 2367
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F 4-4 UKl ERAE TR EW S SRR,

1

Q"%ﬁ

YRR 2 e 44

membrane PV temp Crossing Total a of Butanol Yield" Fermenter/membr. reference
(C)  Area(m® Flux'(g/m%h) butanol” Produc.” (g/l/h)  (g/g) area (m%/m?)
PDMS 35 0.08 25-35 8.8-18.8 0.22 0.28 0.00875 Qureshi et al. (1999)
PDMS 35-37 0.16 26-31 7-19 0.65 0.3 0.005 Qureshi et al. (1999)
Silicalite filled PDMS 78 0.022 46-66 95-200 0.12 0.2 0.04545 Qureshi et al. (2001)
PDMS 37 0.007 57 14 - - 0.06826 Li etal. (2011)
PEBA 37 0.08 161 14 0.277 0.17 0.03125 this study
PEBA+CNTSs (10%) 37 0.08 147 18 0.34” 0.20 0.03125 this study

*Some of data were converted from the values provided in the referred paper.
**The condensing process is used by liquid No.

PV is represented for pervaporation.

PDMS is represented for polydimethylsiloxane.
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